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A b s t r a c t  - Nanocry s tal 1 i ne  bulk Fe,,Nb,Nd,B, and 
Fe,,Nb,Nd,B, a l l o y s  were made by conso l idat ing  
amorphous powders with  an e l ec  tric-pul s e-curren t- 
s intering method and subsequent anneal ing .  Bulk 
alloy made by consolidating amorphous powders h a s  
a h igher  density ( the maximum density could reach 
7 .5  g /cm3 consolidating at 873 K and 636 MPa ) than 
that made by  conso l idat ing  crystal l ine powders, 
presumably because the amorphous a l l o y  so f tens  
around the crystallization tempwature. The structure 
formedafter anneal ing  at 1 0 2 3  K for 1 8 0  s shows  a 
nanocrys ta l l ine  compos i t e  c o n s i s t i n g  o f  bcc-Fe, 
Nd,Fe,,B and Fe,B or Fe,B phases  with grain s i zes  o f  
20 -40  nm The nanocrystal l ine bulk FessNb,NdSB, 
alloy shows hard magnetic properties, remanence (J , )  
of  1 .05  T, coercive force (H,) of 2 6 3  kA/m, and 
maximum e n  wgy product ((BH),,,,J of 75  k J/m3. 
I. INTRODUCTION 
In recent years, nanocomposite magnets have 
attracted great attention as a new type of magnet consisting of 
nanoscale soft andhard magnetic phases andmany studieshave 
been reported about the melt-spun Nd-FeB alloys [1]-[5]. The 
nanocomposite magnets exhibit a smooth J-H loop typical for 
a single hard magnetic phase through the exchange coupling 
effect of the soft and hard magnetic phases, and show high 
remanence (Ir) with a low rare-earth content. The 
nanocomposite magnet powda have usually been into a bulk 
form as a bonded magnet because of the low thennal stability 
in nanostructure. However, the hard magnetic properties of J,  
and maximum energy promct ((BH),-) decrease by bondng 
the powders with resin because of the &crease in the volume 
fraction of magnetic powders. On the other hand, it is expected 
that a sintered nanocomposite magnet with a fully density 
exhbits high magnetic properties compmble to the 
nanocomposite powder and ribbon magnets. 
We reported [5] that the amorphous melt-spun Ferich Fe- 
(h%,Zr)-(N\Tdpr)-B alloys were composed of a nanoaystalline 
composite structure of bcc-Fe, (Nd,Pr),Fe,,B and residual 
amorphous phases after annealing at 1023 K, which exhibited 
hardmagnetic properties of J ,  = 0.8 - 1.3 T, H,, =170 - 300 
kA/m and(BH),, = 60 - 110 Him3. The productionof sintered 
Fe-NI-Nd-B nanocomposite magnets by using an electric- 
pulse-current-sintering method, their magnetic properties and 
nanostructure were studied in the present work. 
11. EXPERIMENTAL METHODS 
Fq,Nb,Nd& and FkNb,Nd,B, alloy ingots were 
prepared by arc melting and amorphous ribbons were obtained 
by melt-spinning in an argon atmosphere. The amorphous 
ribbons were gound into powders with grain sizes of 37 - 105 
pm using a rotor-milling machine. Using an electric-pulse- 
ament sintering ( sparl-plasma sintering ) machine, the 
amorphous powders or the aystalline powders were filled up 
in a die (Fig. 1) with a inner diameter of 18 mm and then 
sinteredat temperatures (T,) between 773 and873 K, under a 
pressure of 636 MPa The heating rate used was 1.7 K / s and 
vacuum pressure was about 3 x 10” Pa. The temperatureof the 
sample was measured with a thermocouple attached at the sick 
of the d e  &ring sintering. The sintered bulk alloys were 
annealedat 1023 Kfor 180 s in 1.3 x 103Pa Structures were 
examined by Xray Mractometry and highqesolution TEM. 
Fig. 1 A schematic illustration of a sintering-machine. 
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The compositions ( except for B ) were analyzed by a 
nanobeam energy disperse X-ray spectroscope (EDS). The 
density was measured by the Ar&m an method Magnetic 
properties were measured by a vibrating sample magnetometer 
(VSM) or a pulse magnetization B-H tracer at a mom 
temperature. 
111. RESULTS AND DISCUSSION 
Figure 2 shows the changes in the sample 
temperature and the die distance @) between the upper and 
lower si&, as defined in Fig. 1, as the amorphous 
Fe&b,N&B, and Fe&b,Nd,B,, and crystalline 
F%Nb,Nc&B, powders were sintered at 873 K. As the 
temperatureincreases, the X value incremesfor the all samples 
in the low temperature range below 600 K presumably due to 
thermal expansion. In the temperature range from 600 to 700 
K, the X value for the amorphous F%Nb,N&B, and 
F+1Vb2Nd,B5 powders decreases first with increasing 
temperature. but then increases again with further increasing 
temperature, however it increases monotonously for the 
crystalline Fe&l~ ,Nd$~  powders. This result indicated that 
the amorphous powders were consolidated at the lower 
temperature as compared with the crystallinepowders.Wehave 
previously reported [6]m that amorphous powders were easily 
deformed near to the crystallization temperature for the 
amorphous Fe-rich Fe-O\lb,Zr,Hf-B alloys and could be 
easily consolidated by utilizing this softening phenomenon. 
It is expected that the same phenomenon o m s  for the 
Fe-Nb-N&B amorphous alloys. The densities of the bulk 
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Fig. 2 Dependenceof (a) the sample temperature (T) and (b) the 
die distance (X) on the sintering time. 
the amorphous powdersat 873 K for 480 s are about 7.5 glcm3 
whch is almost the same as that for the ribbon alloy, although 
it is as low as 6.6 g/cm3 for the bulk F%Nb,N&B, alloy 
producedby sintering the crystalline powders. 
The X-ray diffraction patterns are shown in Fig. 3 
for the bulk alloys made by sintering the amorphous 
FQ,Nb,N&B, and F%Nb,Nd,B, powders at the temperatures 
between 773 and 873 K, in as-sintered state and afterannealing 
at temperature( T, ) of 1023 K which is the optimum annealing 
temperature in the melt-spun ribbon alloys. The peaks due to 
the bcc-Fe, FqB and N&Fe,,B phases are seen for the bulk 
Fq,Nb,Nd$, alloy and the peaks due to the bcc-Fe, F%B and 
N&Fe,,B phases are seen for the bulk F%,Nb,Nd,B, alloy, 
indicating that the mixed structure of the constituent phases is 
formed in as-sintered and annealed states. It is noticed that the 
bulk Fe&b,Nc+B, alloys sintered at 773 and 823 K show the 
broader diffraction peaks, suggesting that the considerable 
fraction of amorphous phase remains in these as-sintered bulk 
alloys. The densities of the bulk Fe,Nb,Nd,B, alloys sinteredat 
773 and823 K are 6.6 and7.0 g / c m 3 ,  respectively, which are 
lower than that of the bulk alloy sintered at 873 K. It is 
concluded that the crystallization of amorphous powder during 
the sintering process is important for acheving the fully 
consolidatedbulk alloy 
0 
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Fig. 3 Xxay diffraction patterns for the bulk alloys producalby 
sintering the amorphous FeJ-&,Nc&B, and F%Nb,N&B, at 
temperatures between 773 and 873 K, in as-sintered and 
annealed(T, = 1023 K) states. 
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Fig. 4 The high resolution TEM image and nanobeam electron 
diffraction pattems for the bulk F%Nb,Nc&B5 alloy after 
annealing at 1023 K, along with the compositional analysesof 
the each phases. 
Figure 4 shows the hgh resolution TEM image 
and nanobeam electron diffraction patterns for the sintered 
bulk F%Nb2M5B5 alloy after annealing at 1023 K. The results 
of compositional analyses by EDS are attached in the table 
below. We can see the bcc-Fe and N&Fe,,B phases with 
grain sizes of 20 - 40 nm, which is similar to the melt-spun 
ribbon Fe,Nb,Nd,B, alloy. 
Figure 5 shows the J-H loops of the bulk 
Fe&b2N4B, and the Fe&b2N4B, alloys from sintered 
amorphous powders at 873 K after annealing at 1023 K, 
measured under applying magnetic field of 1.5 T along the 
longitudinal directionof the sample (0.5 x 1.5 x 6 mm) without 
correction of the demagnetization field Both the bulk alloys 
show the smooth loops which are typical for a single hard 
magnetic phase. The recoil loops in the demagnetization curve 





Fig.5 J-H loops for the nanocrystalline sinteredFe,Nb,Nd,B, 
and Fe&bzwBs alloys after annealing at 1023 K. 
relatively high reversibility, associated with "exchange-spring 
magnets 'I, is seenforthe sinteredbulk alloy, indicatingthat the 
magnetic phases ~IC in an exchange coupled state. The Jr, H,, 
and (BH),, obtained from these J-H loops are 1.0 T, 190 
kAlm and 43 kJ/m3 for the Fe&Tb2N4B, and 0.83 T, 293 
kAlm and49 kJ/m3 for the Fe&b,Nd,B,. However, it w;ts 
possible that the J-H loops with the field of 1.5 T wereminor, 
so that the high maximum magnetization field of 5 T was used 
to measure the J-H loops of the bulk alloy. The J-H loop 
correctedwith the demagnetizationfactor ( N  ) of 0.015 forthe 
bulk F%Nb,Nc&B, sample (1.0 x 1.9 x 9.4 mm) shows that 
the J ,  = 1.05T, H,, = 263 kA/m and(BH),, = 75 kJ/m3. 
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